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Bioavauability of Arsenic in Soil ind House Quit Impacted by
Smelter Activities Following Oral Administration in Cynomolgus
Mo.iktys. FRMMAN, G. B., SCHOOF, R. A, RVtY, M. V., DAVB,
A. 0., DHL, J. A, LIAO, S. C, LAPOH, C. A, AMIS BBROSTROM,
P. D. (1W3). Fundam. ApfL Timeol. 2*, 215-121.
This study was conducted to determine th* extent of trunk

(As) absorption from soil and hoiue dust Impacted by anther
activities near Anaconda, Montana. Female crnomolgus monkeys
were given a single oral adminittration via gelatin capsule* of toil
(042 mg As/kg body wt) or boose dust (0.26 mg At/kg body wt),
oi soluble sodium arsenate by the garage or Intravenous routs of
tdtninictration (0.62 mg As/kg body wt) in a croaovec daftgn with
a minimum washout period of 14 days. Urine, feces, and oagi rinse
were collected at 24-hr Interval for 164 hr. Blood was collected
a; specified time points and u«a under the curves (AUCj) was
dctenniaed. Arsenic eoftcentmtioni for the Qist 120 hr. represent-
ing eliminarion of greater than 9416 of the total administered don
for the three oral treatment groups, were <0.021 to 4.68 ̂ g/ml
for the urine and <0.24 to 31.1 Mg/g for the fecw, ID general, peak
concentrations of Ac In the urine and feces wtre obtained during
the collection interval* of 0-24 and 24-72 hr, respectively. The
main pathway for excretion of At for the intravenous and gavag*
groups wai In the urine, whereat for the soil and dnst groups, it
was in the feces. Mean absolute percentage bSoavailabUity values
based oa urinary excretion data were to, 19, and 14% for the
gavage, house dust, and sod treatments, ftipectivdy. after normal-
ization of the intravenous As recovery data to 100%. Correspond-
ing abtoluta btoavailabiliry values based on blood wen 91,10. and
11%. The tataarailatiUty of SOU and home dust As relative to
soluble As (by gavage) was between 10 and 30%, depending upon
whether urinary or blood values were used. These findings suggest
that ricks associated with the tagestion of As In son or dust wfll
be reduced compared to mgection of comparable quantities of As
in drinking water, a im ***?ct-tm*o*a.

Arsenic (As) concentrations are elevated locally in soils
at many sites of former mining and smelting activities
around the world. Even more widespread contamination
has occurred due to the use of arsenical pesticides and

defoliants (Chaney and Ryan, in press). Orchards and cot-
ton and potato fields have been particularly contaminated.
It has been estimated that, in the United States alone,
100,000 to 1,000,000 hectares of current and former
agricultural land contain soil As concentrations of
200 ut/g or more while teas of millions of hectares con-
tain arsenic residues In the range of 20 to 30 /ig/g (R. I.
Chaney, personal communication). Because As circinoge-
cicity has been estimated by the U.S. EPA from studies
of Taiwanese populations (Tseng, 1977; Tseng tt al.,
1968) with As in drinking water (soluble As), it is im-
pertent to assess As bioavailability from soil, relative to
soluble As, in order to accurately assess risk; from inges-
tion of soil As-

Such an assessment depends, in part, on a determination
of As bioavailability in soil relative to water. Bioavailability
is defined as the extent to which the chemical is absorbed
into the systemic circulation and distributed to the target
organs. In a previous experiment using New Zealand White
rabbits (Freeman et al. 1993), urinary excretion data re-
vealed that the absolute bioavailabiliry of As in soil from a
former copper smelter site was less than 30%. Arsenic m
the soil was approximately twofold less bioavailable than
arsenic in solution, indicating thai soil As was in a less
readily available form. However, due to concerns aboci
physiological dissimilarities between rabbits and humans,
particularly the occurrence of coprophagy in rabbits, it was
decided that soil As bioavailability should be tested in a
second animal model. The monkey was subsequently chosen
as an animal model with more physiological and anatomical
similarity to humans.

The current study was designed to characterize die extent
of As absorption from residential soil and house dust im-
pacted by past smelter emissions. Blood As concentrations
and urinary excretion of As was assessed in cynomolgus
monkeys sequentially receiving intravenous sodium, anenate
solution and three different oral treatments: soil in capsules,
house dust in capsules, and sodium, arsenate solution admin-
istered by gavage.
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METHODS

The composite soil (9 residences) and house chut (4 residences) samplesadministered CD Uw monkeys w«re collected bom residences-ill AMconda,
Montana. D isodlum anenete n*ptahydraa (NajHAKXTHjO) obtained from
Aldrich Chemical Co. (Milwaukee, Wl) wit used to administer the appro-
priate doses of As w the intravenous and gayige study group animals.
TVrt Stibtranct Composition

Moisture coniaiu wot determined by weight Ion after drying it 108%for 2 hr. Pwetdt^c at|«Uo aumr In tht tcttsoil «u MtimMed ftoin kwi>
on-ignitlon at 430*C until eonstam weight or alter hearing for 24 hr (Davies,
1914). The pH of die test soil was determined with an appropriisely cali-
brated pH mow (Orion. Model 310) using Method 9045 (U.S. BFA. 1986).
Total element and As soil and bouse dust eoncenwiions wen detenetirted
using Method 3050 for sample preparation and digestion atooi with Method
(010 (inductively coupled plasma atomic emission speciraeedpy, ICP-AES)
and Method 7060 <acomta ibsoiption method) for determination of actual
tpeul concentrations (U.S. EPA, 1986). The As mfcmminemlogy or th«
composite soil and dost samples was determined by electron microprobc
analysis by (be method of Dovii tr *& (1993). Particle alze analysis of ttw
wit was deterrautid by die dectrecooe method (Panicle Data Laboratories.
Ltd., Elmhursi. IL).

TtSt Sytaai Mi Animal Mainunanc*
Tbu was a nonclinleal laboratory scudy performed in compliance with

the EPA Good Laboratory Practice Regtdatfcme. 40 CPU Fait 792 (U.S.SPA, 1989). Thne (smite eyDoroel|iH monktys (sppfoximMly 2-3 kg
and 3-3J y«ar» of ege) wet* *upplied by Chattel River PiimatM (Pan
Washinjton, NY) and wera housed in sutateMteel owtabolitm ot|H tot
Uw duration of ttw study.All monkty* won provided deiomtid wanr «0.002 n AJrtrt) «l (ib<-
<WIL Cartfied Pur.ai Maanc Diet 50M «03 xt AI/J) wat aUo ivajliH*
16 hr prior to deiin| md concluded approximaJaly 4 hr ifter dodnt.

st

Doling K*t ""** <*** /^mintarntton
Each of UM three fciwle awnkeys wtra randomly cycled Uireuji U>e

four diffartnt maracnu. with a watbow period of at te«at 14 d*y« batween
treatments. The fonr traaonena coniatid of a tte§^a lamvcnow or tavigtadminiiitnion (1 cal/ki body wt) of t totUum anaattt ioUtti«n (0.62 me
A*/fc| body *t) or a nagU oral admiaiandoii via capralat ofaoU or houN
duat (1.5 i of ioil/k| body wt orj)j62 re| Ai/kg body wt; U g of home
ouM/kf body \*t or 0^6 MC Ai/Vg body wt).For the buravraout tmttneal, the aquioui MOnm atstoatB wlutioa wu
adffllnlttewl over a Z. to 3-mta Interval inn 0* aaplMwui vein ainf a
Butterfly Inftisioa Set (25 X j 12-in. Tubiaf . Abbott HotpitaJ, Inc., North
Cowafo, Q.) wbfeh •*•> LuccLok 6md w * dUpotabte «yriag«.

For tbt ot»l udium amoate Mannent, dM aqutouaioltttion wu aotnlaia-
(and over a 1-nua iflxam) using « ptorfc ayriagc that was Btttd with an
S F (French) robber j*vtge tub« (MaUlAdevdt CBam Falti. NY). Th«feedlni tuU wu patted via the natal puua* dowa tin eaopbafui to thestomach. Ootiivg solution cancantmdoM wcce vetiOed dtulng d» toidy and
were all within ~2* of targvt eoaetMnHeM.

The tarfetod antoiuit of tha Mat tubanncei (aott or home dun) wu
fetmulated into tpprvpriately lizcd (tUttn captokt (Lilly No. 000 or 00)
w that the iota! weight of (he vail or dtut contained in (be Ml of capsules
wu within aJfi of the tariffed dOK- Doting wai perfbmwd mint a pilljun
(Prohaaiontl Spadakta. Inc.). with a I- to 4-mln latwval between each
capaula adminittration. Four oaptvtes w«rt nqvlrad 10 dclivtr the tarfet

dou of wil or houi« dmt. and the monkeys went awniiored to ensure that
eapwla or u« wbutncn were not expelled.
Samflt Collation tnd Prrparatto*

CLxcntt specimen* were collected for each treatment from ill monkeyj
prior to dofiaj and at the end of the interval! of 0-24, 24-48, 48-72, 72-
96, 96^120. 110-144, and 144-168 he after doting. Urine Bowtd into a
runoff jar attached to the collection pan of dw cage. After the urine and
feeet ipechneia were removal dv cages and collection pnni wwe rimed
with deiontud water (cage rinse) to remove any residual excreta. All speci-
men* wan weighed to the nearest 0.1 g u room icmperaam. Ttw excreta
and eige rime specimens tor the first 120 Hr were pooled to provide speci-
mens for analyil* at 0-24, 24-72, end 72-110 hr after doshi|. Urine ami
cage rinse samples were acidified with 15 M HNO,. Deiooraed waier (a
volume equivalent to twice the total wet weight or the lecal ipocimen) wu
mixed with Hie pooled fecal specimens on a shaker until a homogenous
paste was produced. Splits of lecal material were lyonhilized and subject
to heavy-liquid separation for determination of As speciaiion by electren
nUcroprobe* •

Animate were bled accwdlnj to the following time points—oral dose
(jtvifc md capsule): piedose, 15, 30. 45, 60. and 90 min a*4 2. 3. 4, 8,
24. 48. 72, 96. 120. 144. and 168 hr postdate; iiunvenous dose: predcse.
2, 5. 10, 15, 30, and « min end 2. 4, «. 24. 48. 72. S6. and 120 hr postdose.
A 6-nr Mood collection wms added to the duct animals. Approximately 1.0
ml of blood was taken from (he monkeys at each time point njinj vasoutu
access port* which had been ptevjously implanted. A 22-tauge X 1-in,
Huber point needle (Norfolk Medical Product!) attached to a 3-cnl syringe
was usid to withdraw the blood which was (hen placed into a 10-ml Vacu-
taioer (with jodiom hcparia. Bccton Dtdcnson, Rutherfort, Nf). rleperin
was also diluted sod need to block tbe vascular aceesi ports in between
bleeds In order to aalntain their patency. After collection, l ml of each 01
the blood samples wat mMfured and then added ia s 1:5 dilution to 0.2ft
(Wv) nitric acid and stored u tppcoximawly S'C prior to analysis. The 144-
and 168-hr ssmpltt for the gavt|e. dust, and toil animals were not analyzed
Dttirminarian ofAritnic w Biological Fiuittt
txertu. All samples were analyzed using s Perkin-Elxaer Model 500!

Zeemaa atomic abioq îon spectropootometcr equipped with • Mode! 5(M
Aunace (OFAA). Fecal specimens (appraiunately 3 g) were re

fluxed with 15 M HNQi at 95*C and evspomed to 5-10 ail. Samples wer<
then digested with 2 ml of water and approximately 5 ml of 30% HiO:
and diluted to 50 ml with water. Urine (0.5 to 1.0 ml) snd caje rinse (—
ml) samptos were digested ia 1 j M HNOi m a boiling waiar beJh. Afte
cooUns, sainpiej were diluted 10 approximately $ ml with dekmized wotei

An As matrix icodiBer totedon was used, consisting of 0.5% Ni
NKNO,),-«H;0) and OJ3% nufnetium (2.6% Mg(NO^-6H,0) in

HNOj (U.S. EPA. 1983. 1986). In most eases. 20- to 25>pl
of the samples with 5 pi of matrix modifier were injecwd onto the pbtfon
of the graphite furnace and peak-en* integration absotbaacBt were met
sured. Arsenic in (he samples was calculated from linear tegicssion eqw
doM uring (he method of wwdmrd additions (Klein and Hach, 1977). An<ale detection limits for the feces, crtne, and cage rinse were determined f<
each treatment cycle and averaged 0.24 pg/s, 0.031 pg/cil, and 0.003 w
ml, respecdvely. Prior to further cetcahtions aad lun'stlcal analysis, <r
detection limit divided by two was substituted for all As eonceniratior
below me detection limit.

Blood samples were weighed into acid digeMioo vessels (Fa
Bomb, Model 4749, Parr Instrument Co., Moliac, (L) and digested withml of csacentrsted nitric acid (Ultrax Brand, l.T. Baker, Inc^ PbiUiptbu;
NJ, —10% w/w) M 14Q*C for *-3 hr. After cooling, bomb cements we
quantitatively transferred to a volumetric flask and diluted to 10 ml wi
deionized water.

Samples were uolyted on a Perkin -Elmer Model 5100 atomic abw:
lion ipectrophotomatcr with Zceman effect background correction (Perlu
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i;lmer. Ncrwelk, CT) using the stabilized temperature ptatfomt nwrwce 01
193.7 rnn using a 10 m|/ml nickel sj<nte matrix modifier. Samples weft
introduced into the graphite funuee atomic absorption ipecnDphowmtter(GFAAS) osfeg a PerUn-Bmr AS40 autosarapler, Tht spearophoKxne-cer vis calibniBd against standards prepared in spiked Muk blood digests
containing. A» concentration* in dM range from 0.05 to 2 pg As/sample wing
a quadratic Itasi-tquarei lit of imegncad abaotfaanee valu«t (absotbaooe-'
leconds) to As concentmkms. Sample digests widi Ai conctninctoni above
2 /ig/iampte were diluted with blank whole blood digest! to produce a final
concentration within the CFAAS calibration range.
Th« limit of detection (LOD) for Al ia blood (0.007 yg/ml) wai calcu-

lated u the blank eoBcenimitog plw dwee u'mai tb« standard deviation ofU* blank.
Calculations

Area under die blood oonoaniniton venue tima curve (AUC) data wen
obtained from dM Sign* Plot (Venton 1JO) program uiing ttw tnpezokW
nik- In calculating Hem AUCs. valuai wen collected fbr background (pre-
doM). If tba predoaB sample waa tan IBM *e U» (0.007 jit/ml), tan half
of the LOD (0.005$) wu used and subtneiod tern alt law vjiues thraugh
120 hr. For iht iiwsveamu group, ttw AUCi ftvm 0 -»• were flatJmtM
using dw txitang dm for each anlinl and datamining dba ilopt of dw
elimination phase wing Lotui 133 (Vertta 2.3). Tna equation used waa

• AUC (tnpazoi<Ul mla).* -^=- .^ slope

when Ci,. u the last measurable conowitrukin.
Du* to the design of chu study, each monk*? tervad as its owa rtftnmce.

Thutfore. bioaviilibiliiy valocs based on urinary axwetion dat» for ihioral treimwnts vmt cnlculatad (torn the amount of Ai ncovtred in the
mine when dM animal was admialitered As intravenously coopered touptake of As (too tbt gunge, soil, and dun rwtei of adminUtniion.
BteavaJlability valves based on mine wen determined accenting to the
following equation after normalization of UK ianvenoui owtmcat'i tne-
aic recovery dais to 100ft.

Total amount of AS in urine Q*g) for oral troup
Total amount of As ta. urine ( î) for intnveaotts group

,„Total idfldnUnml dose for iaamveoous group
Total adminlcteRd dose tor oral group (mg/kg)

BioavailabiHty values based oa blood were determined according to dte
following equation.

AUC far ocal treatment
AUC for intravenous twatment

x Toal adaUajstBTod dost for tptravenompeatmeot (mj/kg) x 1QQTool administered dose for oral ueacnem (mg/kg]
RESULTS

Soil and House Dust Characterization
Arsenic concentrations in die soil and house dust were

410 and 170 ppm, respectively, with a moisture content of
2.3 and 4.9%, respectively. Percentage organic matter was
approximately 3-4 times higher for the house dust than for
the soil (42 and 12%. respectively) reflecting the fact that a
major component of house dust is exfoliated »kin cells and

balr. The pH was similar for the soil and house dust (7.8
and 7.6. respectively).
Electron microprob* analysis indicated that the As was

present primarily as iron-As oxide (17%-soil. 9%<dust) and
combined meal oxides (46%-soil, 58*-dast), with lesser
contributions from metal-As silicate, erwgire, slag. As
phosphate, and iron-As sulfats (Table 1). The metals con-
tained in the metal-As oxide and met*!-As silicate were
copper, iron, aluminum, and zinc. Although the As mass
distributions of the house dust and soil samples were similar,
the house dust had more frequent occurrences of liberated
As particles (particles not encapsulated or rinded by othermineral forms).

The geometric mean size (CMS) of the soil particles was
calculated using volume-based diameter distribution data
and was similar for both the soil and house dust (25.2 and
30.$ /inu respectively). These results indicated th« panicle
sizes of the ten soil and house dust were consistent with
those found to adhere to children's hands (<100 /un) which
have a greater likelihood of being ingested (Duggan */ aL.
1985; Chancy •; aL, 1989).
Iti'tift Pammaers

There were no treatment-dependent changes in body
weight, as the weight of th« monkeys remained stable through-
out the duration of the study. In addition, no clinical signs of
toxicity were observed in any of the animals during the study.
Food consumption by one of the monkeys was temporarily
reduced after dosing with soil and dust, due to a decrease in
the animal's appetite. Otherwise, mean food consumption was
similar among me animals throughout me study.
Total Arsenic Amounts and Percentage of Dose in Urine

and Ftces
Background corrected urine As concentrations for all

treatment cycles ranged from <0.021 to 4.68 /ig/rol. Each
animal's As concentrations during a given treatment cycle
were cooected for. that animal's background arsenic level,
as determined prior GO the treatment cycle in question. Peak
As excretion in die urine occurred during the collection inter-
val at 0-24 hr for all four treatments (Fig. I). Arsenic excre-
tion was greatly reduced in subsequent urine samples, indi-
cating that the element was rapidly cleared from the systemiccirculation, and that urinary As excretion was virtually com-
plete within 72 hi after dosing. Mean As masses recovered
in the urine after 120 hr are provided in Table 2. Low cage
rinse values indicate that urine readily drained into the urine
collection container, with nominal residual drying on the
metabolism cage and/or collection pan. Over 72 hr, approxi-
mately 96 and 73% of the total As were recovered in the
urine of the intravenous- and gavage-dosed monkeys, respec-
tively, compared to 15 and 26% for the soil and house dust
treatments, respectively.
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TABLE 1
Anmie tfaav Distribution (ft) in Mimral

Gompniu Mil Composite boute dun
Pluso Prcfnaeand PoMingwud Prtinfettod

MecaT-anenic oxide
Iroa-arwnic oxid«
Metaf-inuic wlftde
Anenie phosphalB
Sl*tMolar1 •-vseoic iiUcaia
Iron- manic auUate
Number of particles coumad
Arsenic eaneamndoa (m|ft|)

«
17
7
7
7
11
5

S87
410

65
15
5
8
5
2
1

179

58
9
1 1
6
t
7
1

207
170

50
8

38
I
3
i
0

187

' MetaU in metai-iisenio oxide an ptimarily copper, xinc. ud iraa tn varying proportions.
' M««l-ar«njc uilftda U jiflenOly a eombioatten of anargita (CttiAsSA mwopyrtte (PeAaS). ami complex wild lohitiou ebduiitag Cu.Te.Pb

Bi, or other metal*.
' Meioli in raeul-UKnie aUicau arc primarily inn and aluminum in vwylnf proportion!.

Fecal At eoacentndoas ranged from <0.24 to 31.1
Typically, fecal As excretion peaked within 24-72 hr of
(losing, and As excretion in the feces was generally complete
within 72 hr of dosing for all treatment groups (Fig. 2).

Total percentage recoveries of As as a function of the
actual administered dose measured in the urine (urine and
cage rinse combined) and feces were within 100 ± 6% for
the three oral treatments and 80% for the intravenoua group
(Table 2). Overall, actual administered doses averaged ap-

proximately 100% of the targeted administered dose. Theseresults Indicated that animals were administered accurate
dotes of As via ma various routes of administration.
Absolute Percentage Sioavaitability

Total amounts of As in urine, AUCs, and absolute percent-
age bioavailability values based on urine and blood data ar«
provided in Table 3.

SO

i
E3 Oral Son

OfBl Ovrt • Oral Dvat

0-24 24-72
Tim* (Hour*)

72-120

FIG. 1. Aneaic exottrt la urine at oach tiiaa Imetval (ban) and at cumiUativt peccam of adnimiMnd QOK (ttnci). Tmanaiu srouos of ihnmoateyi wore tfvea urtct dom of 0.41 mg Ai/kg body wt of aodhm ancaate by inoavanous or guvagt adttiniMntioo. or IJ g of soil or boon du
par kilogram body wt (0-63 and Q46 m* A»/k» body wt, ntpanlvoljr) by oral adnuraicniim via capaulei.
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TABLE 2
Mean Arsenic Mass Recovered in Uziae after 5 Day* and Fercantap Recovery of Administered Arsenic'

TieamiBnt group
Incnvenoiu sodium sracMte
Ovvaga sodium ancnate
Oral toil
Oralduit

Aneaic manadmuutartd*
(Ml)

1593:38
\S9S ± 47
1530 ±94
6tts31

Arsanio owain
urine' (^
U20 ± 34
HO; S 74
238 ±86
164 C2<

Urine
76.5 ±2J
69.2 ± 3.0
15J £ 4.7
25.0 s 3Jt

Perceniflgfi recover/
FeCeS

3.2s t.9
25.0 i liJ
W.4* U.I
70.5 s 2.2

Total
79.7 s 4.0
94.4 ± 9 J101 :£?
95.4 r 5-2

' Truman groups of dMt monkey* were given target dosei of 0.62 mg Asflcg body wt of sodium anenti* administered intravenously or
or 1J i of toil or dun per kitofnn body wt (0.62 and 0.26 rag As/fcf My wt. nspactiveiy) orally via captule*.

'Vafaea are meats S naiidaiddmtadon of total mmwaofariaaia adeviaiatend to ceet animal (AT -1).
'Value* an muni a standud deviation of tool At amouata io oria* obtained over 120 hr foe each animal (JV - 3).
'VUutsarcmoua ± atandaid deviation of percontaga recov«y values tor e«h animal (/V- 3).

Blood data for animal 20-784 following gavage admia-ijtrtdoa revelled a lower peak arsenic concentration dunthe other two monkeys which may account for the lowerabsolute bioavsilftbility for that aaynal. The higher AUCand resultant Absolute perceaeage bioavailtbUlry for ani-mal 30-544 following administration of house dust wasprobably a result of higher blood arsenic concentrationsachieved for tbis animal. Finally, the fact that arsenicconcentrations for the final two blood collections weremuch higher for animal 30-537 after soil administrationthan those for the other two monkeys resulted in higherALTC and absolute percentage bioavailabillty values.

Mean normalized absolute percentage bioavailability val-ues based on urine were 67.6. 19.2, and 13.8%, respectively,frr the gavage, house dust, and soil groups. Correspondingabsolute percentage bioavailabillty values based on bloodwere 91.3, 9.8, and 10.9%. The arsenic in the dust and soilwas approximately 3 J- to 5-fbld (based on urine) and 8- to9-fold (based on blood) less bioavailabk man arsenic insolution. The bioavailabilitkf of dust and soil arsenic rela-tive to dissolved arsenic were 28 and 20% based on urinevalues. When blood values were used, the bioavailabilidesof dust and soil arsenic relative to disaolved arsenic werereduced 61 and 40% to 11 and 12%, respectively.

ta • IVAa•QsmoeAs
Oral tk*OOralOuet rOwl

0-24 24-72Tim* (Hours) 72-120

RO. 2. Araaaic wenaad in ftca at each line Interval (tart) and M cumulative pereem of admiobcmd doa* (lines). Titanmni gn»p» of (fan*.iveo ii^do» of ao mg Aî  body «t efsao^m arsei«^nBy .
I»r kOoffam body wt(ft-«2 and O26 raj Aaftg body wi. rair«dvely) by «al a*iiuiisti»o« vu capsutoa.
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DISCUSSION
This study confirmed that in cynomolgus monkeys, u In

other species, urinary excretion is tbe major pathway of As
elimination from the systemic circulation (Bucbet tt el,
1981; Chnrbonneau et al.> 1978; Marafante and Valuer,
1957; Tarn ttal, 1979; Vahter, 1981; Yamauchi and Yamar
mora, 1985). For the intravenous treatment, the urinary data
indicated that As elimination bad essentially ceased within
72 hr of dosing, indicating that the 5-day in-life phase was
sufficient to recover most of the absorbed As (Fig. 1). Arse-
nic recovery in the feees for the intravenous treatment indi-
cated that some As was eliminated by biliary excretion; how-
ever, this study could not determine the extent of this As
recycling. Urinary As excretion following intravenous ad-
ministration was normalized to account for the sum of As
retained in tissues and eliminated via feces. For the gavage
sodium arsenato, soil, and bouse dust treatments, approxi-
mately 25, 86, and 71% of the actual administered As dose
was eliminated in the feces, respectively, representing the
amount of As that was not absorbed plus the fraction of
absorbed As that was eliminated by biliary excretion and
not reabsorbed. Assuming that the fraction of As eliminated
through biliary excretion was constant, the higher percentage
of the administered As dose recovered in the feces of the
soil and house dust animals when compared to the gavage
treatment indicated that soil- and dust-As were in a lessabsorbable form than the sodium aisenate and, consequently,
less bioavailable.

The almost perfect total As recoveries in the oral groups
demonstrated the capability of the protocol used to recover
administered As and were not necessarily inconsistent with
the 20% tissue retention suggested by the intravenous data.
Arsenic recovery data for the intravenous treatment sug-
gested that differences in arsenic distribution and metabo-
lism following a bolus of sodium arsenate administered intra-
venously compared to orally may affect bioavailability esti-
mates. The rate and extent of distribution of a drug/chemical
to various tissues depends upon the rate of delivery of the
substance to the tissue circulation (Welling, 1989). Addition-
ally, As metabolism is likely to be affected by me route of
administration. Arsenic eUaiaation4s enhanced by conver-
sion to methylated species in tbe liver (McKinaey, 1992).
Intravenously administered As will circulate through the pul-
monary capillary bed and other tissues prior to reaching
the liver, these factors suggest that a larger fraction of the
absorbed dose is likely to be retained in the tissues after
intravenous compared to oral administration. Because of this
apparent difference, urinary As excretion following intrave-
nous administration was normalized, whereas urinary As
excretion following oral administration was not, to preclude
overestiroation of As bioavailability.Urinary excretion time course patterns indicated that these
data were acceptable for estimating As bioavailability be-
cause virtually all of the As was recovered. The overall

absolute percentage bioavailabtliries of As in the test soil
and house dust baaed on comparison with normalized intra-
venous urinary data were 14 and 19%, respectively, sug-
gesting thai only a small fraction of the AS in the test sub-
stances was available for absorption. This was further sup-
ported by absolute percentage bioavailabiu'ties based on
blood data of 11 and 10%, respectively. Arsenic in the soil
and house dust was approximately 3.5- to 5-fold (based on
urine) and S- to 9-fold (based on blood) less bio-available
than arsenic in solution, probably because As in the soil
and dust occurred predominantly as As minerals that arcgenerally insoluble during passage through the monkey gas-
trointestinal tract Indeed, examination of the As mineralogy
in fecal material from the monkeys indicated the presence
of all of the As mineral phases present in the initial soil and
house dust (Table 1). Based on the As mineralogy in fecal
material, the phases metal-As silicate and iron-As sulfate
appear to contribute the bulk of bioavailable As,

As arsenic-bearing minerals pass through the gastroin-
testinal tract, their solubility is controlled by a variety of
mineralogic factors including (1) the solubility of the As-
bearing phases, (2) encapsulation, within insoluble matri-
ces (e.g.. silica), (3) rinding of the As grain by precipita-
tion or alteration reactions that occur during weathering
and protect tbe As mineral from dissolution, aad (4) disso-
lution kinetics of the As-bearing mineral* (Davis et al.,
1992). Arsenic mineralogy of the soil and house dust was
nearly identical, suggesting chat the two matrices should
yield similar As bioavailabillties.

A recent As bioavailability study conducted in dogs has
also indicated limited As bioavailability from soil (Groen
etai, 1993). Arsenic was administered as an intravenous
solution (AsjOj) or orally as As ia soil to groups of six
dogs, and urine was collected in 24-hr fractions for 120
nr- After 120 hr, 88 £ 16% of the dose administered
intravenously was excreted in the urine, compared to only
7.0 ± 1.5% excreted in the urine after oral soil administra-
tion. Tbe calculated bioavailability of inorganic As from
soil based on urinary excretion data was 8.3 ± 2.0%,
consistent with tbe data from the present study. Thus,
the bioavailability of soil and house dust As relative to
dissolved As of between 10 and 30% in the current study
along with the results of Groen et al, (1993) demonstrate
the importance of accurately accounting for differences in
the bioavailability of As ia different media when assessing
potential environmental exposures.
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